Fragile X syndrome is caused by the absence of functional fragile X mental retardation protein (FMRP), an RNA binding protein. The molecular mechanism of aberrant protein synthesis in fmr1 KO mice is closely associated with the role of FMRP in mRNA transport, delivery, and local protein synthesis. We show that GFP-labeled Fmr1 and CaMKIIα mRNAs undergo decelerated motion at 0-40 min after group I mGluR stimulation, and later recover at 40-60 min. Then we investigate targeting of mRNAs associated with FMRP after neuronal stimulation. We find that FMRP is synthesized closely adjacent to stimulated mGluR5 receptors. Moreover, in WT neurons, CaMKIIα mRNA can be delivered and translated in dendritic spines within 10 min in response to group I mGluR stimulation, whereas KO neurons fail to show this response. These data suggest that FMRP can mediate spatial mRNA delivery for local protein synthesis in response to synaptic stimulation.
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fragile X syndrome | dendritic mRNA targeting | local translation F ragile X syndrome (FXS) is the most common form of inherited mental retardation and is caused by the loss of function of the FMR1 gene, which encodes fragile X mental retardation protein (FMRP) (1) . FXS affects 1 in 4,000 males and 1 in 6,000 females on average and is characterized by hyperactivity, attention deficits, autistic-like behaviors, and seizures (2) . Dendritic spine morphology in the cerebral cortex of FXS patients and in the fmr1 KO mouse model shows more immature long thin spines than mature stubby, mushroom-shaped spines (3) . Furthermore, group I mGluR-dependent long-term depression in the hippocampus is exaggerated in the fmr1 KO model (4) . These findings suggest that FMRP functions in synaptic development and plasticity.
Activity-dependent local translation is a fundamental mechanism underlying synaptic plasticity (5, 6) . Inhibition of protein synthesis attenuates specific types of long-term plasticity (7, 8) . Morphological changes in dendritic spines can be blocked by protein synthesis inhibitors (9) . In the fmr1 KO model, it has been shown that aberrant synthesis of individual proteins such as CaMKIIα, PSD-95, and MAP1b, upon group I mGluR stimulation, is associated with defective long-term plasticity (10) (11) (12) . Here we have studied specific molecular mechanisms to elucidate aberrant localized translation in the fmr1 KO model. The molecular basis of FMRP's role in translation-dependent plasticity remains unclear despite extensive study. FMRP is a ribosome-associated RNA binding protein with selective affinity (13, 14) . Upon neuronal stimulation, FMRP may regulate protein levels by mediating translational regulation and mRNA trafficking (11, 15) . FMRP, mRNA, and other RNA binding proteins can form ribonucleoprotein (RNP) or granule structures and couple with motor proteins to be transported in dendrites (16) (17) (18) . Dendritic transport of FMRP and associated mRNAs, such as Fmr1, CaMKIIα, and MAP1b, are regulated by group I mGluR signaling (15, 19) . It is not yet fully understood how and when mRNA is delivered to the synapse and translated. Local delivery of mRNA to active synapses could provide a high degree of regulation and flexibility of protein synthesis (20) (21) (22) (23) .
To test the role of FMRP in local protein synthesis, we investigated the speed and directionality of mRNA movement upon group I mGluR stimulation using time-lapse imaging of primary WT and fmr1 KO neurons. We found that at 0-40 min after stimulation, the speed of mRNA-containing granules is reduced in WT but not KO dendrites, and at 40-60 min mRNAs resumed more directional motion. At 20 min after stimulation, FMRP was translated in regions closely adjacent to mGluR5. CaMKIIα mRNAs and protein synthesis were more enriched at dendritic spines in WT but not fmr1 KO neurons. This suggests lack of local translation-dependent plasticity in fmr1 KO neurons, originating from aberrant mRNA targeting function in the absence of FMRP.
Results

Study of mRNA Dynamic Motions in WT and fmr1 KO Hippocampal
Neurons by Time-Lapse Imaging. To test whether FMRP regulates the dynamics of dendritic mRNA movement, we used time-lapse imaging to investigate mRNA movement in primary cultures of WT and fmr1 KO hippocampal neurons. Two mRNAs, CaMKIIα and Fmr1, were indirectly labeled by GFP-MS2 (Fig. S1A ) using the MS2 tethering method (24) , and monitored by time-lapse imaging. CaMKIIα was used here because its translation is regulated by FMRP (10) and its dendritic trafficking was studied previously (24) . Fmr1 was chosen because of its high-affinity association with FMRP (25) . Because FMRP may associate with Fmr1 through its G quartet on the open reading frame (ORF) and/ or the U-rich region on the 3′ untranslated region (UTR) (26, 27) , we made a construct containing both the ORF and the 3′UTR of Fmr1 as the RNA of interest (Fig. S1A ) to mimic endogenous Fmr1 mRNA. Fig. S1B shows that the ORF of the Fmr1 mRNA construct cannot be translated, consistent with its placement downstream of the LacZ gene stop codon. Fig. 1A shows that without a dendritic targeting signal, GFP-labeled MS2 binding site (MS2bs) cannot be transported to neuronal dendrites. Both MS2-GFP-labeled Fmr1 and CaMKIIα formed punctate mRNA granules in dendrites ( Fig. 1 B and C) . Moreover, Fmr1-containing GFP-labeled granules were colocalized with Fmr1 RNA signals as shown by fluorescence in situ hybridization (FISH) (Fig. 1D) , confirming that GFP-labeled granules contained Fmr1 mRNA.
Next, to compare the dynamic movement of mRNA in WT and fmr1 KO hippocampal neurons, either CaMKIIα-or Fmr1-labeling constructs were transfected into WT and fmr1 KO neurons. mRNA granules in single dendrites were imaged 5 s per frame for 25 frames (2 min in total) before and after stimulation by the group I mGluR agonist (S)-3,5-dihydroxyphenylglycine (DHPG) ( Fig. 2A and Movies S1, S2, S3, S4, S5, and S6). We found that the majority of granules was stationary, as reported before (24) . Therefore, we measured the trafficking pattern of granules which are motile in at least two time series. The movement dynamics of CaMKIIα or Fmr1 granules were measured as average speed and as directionality, which is a measurement of the degree to which the granule travels in a single direction. In WT neurons, the average speed of Fmr1 granules ( Fig. 2B Left and Movies S1, S2, S3, S4, S5, and S6) was decreased between 0 and 40 min after DHPG stimulation compared with the speed before stimulation. However, in fmr1 KO neurons, average speed did not change significantly after stimulation. The average speed of CaMKIIα granules showed similar changes ( Fig. 2B Right) ; in WT, but not KO neurons, CaMKIIα mRNA significantly slowed during 0-40 min poststimulation. This suggests FMRP may act to decelerate mRNA movement at the early phase (0-40 min) after group I mGluR treatment. The average speed of CaMKIIα (82.96 nm/s) was comparable to a previous report (24) . Interestingly, the average speed before stimulation was significantly lower in fmr1 KO neurons compared with WT neurons.
The directionality of Fmr1 granules in WT neurons was significantly higher during 40 and 60 min after DHPG treatment (Fig. 2C Left) . There was a similar trend (not significant) for CaMKIIα granules in WT neurons compared with fmr1 KO neurons (Fig. 2C Right) . The apparent increase in unidirectional Fmr1 mRNA movement might indicate a regulatory interaction between FMRP and motor proteins and mRNA in response to stimulation (17) (18) (19) . It is important to note that total granule number and the percentage of motile granules were not significantly different between WT and fmr1 KO neurons. However, the brightness of Fmr1 granules in WT was significantly higher after DHPG treatment, but not in fmr1 KO neurons (Fig. S2 ). This suggests that mRNA, previously below detection and measurement levels, may be incorporated into granule structures by DHPG stimulation in WT but not KO neurons. We hypothesized that shortly after group I mGluR treatment, FMRP could facilitate mRNA deceleration and docking to specific synaptic targets for a subsequent translation process.
FMRP Was Translated near Group I mGluRs. Next, we used doublelabel immunofluorescence to examine translation of FMRP in regions near group I mGluR. We chose the cellular microdomain of group I mGluR because it is linked to signal pathways: mGluR1a-mediated ERK phosphorylation is enriched after stimulation in the membrane fraction (28) , and the ERK pathway is crucial for group I mGluR-dependent plasticity (29) . N-terminal FLAG-tagged mGlu1a and mGluR5, two members of the group I mGluR family, were individually expressed in primary hippocampal neurons to label surface receptor regions. Surface mGluR1a and mGluR5 were recognized by anti-FLAG under nonpermeabilized conditions (Fig. S3A) . Colocalization between endogenous FMRP and the surface receptor was measured at different time points after DHPG treatment (Fig. 3A) . Our results show that colocalization between FMRP and surface mGluR5 was significantly elevated at 20 min after DHPG treatment (Fig. 3B ). Although treated with a protein synthesis blocker, cycloheximide (CHX), there was not a greater colocalization (Fig. 3C ). This suggests that FMRP was newly synthesized in regions close to surface mGluR5 in response to group I mGluR stimulation, although some FMRP transport may still occur. There was only a slight increase in colocalization between FMRP and surface mGluR1a, and this change did not occur until 40 min (Fig. 3D) . The difference between mGluR5 and mGluR1a may have been caused by different representation of surface receptor constructs because surface mGluR5 staining showed better representation of endogenous mGluR5 (Fig. S3B) . Last, surface β2 adrenergic receptor (β2AR), another G-proteincoupled receptor, was used as a negative control because it cannot be stimulated by group I mGluR agonist. DHPG stimulation caused no change in colocalization between FMRP and β2AR (Fig.  3E ). This suggests translation of FMRP could be enriched temporally within active receptor regions.
FMRP Targets Translation of CaMKIIα to Dendritic Spines. To investigate localization of both mRNA and newly translated protein at excitatory synaptic sites in the presence of FMRP, we looked at levels of CaMKIIα mRNA and protein in dendritic spines. We examined the change in staining intensity of CaMKIIα protein at spines and an adjacent area of dendrites in WT and fmr1 KO neurons that endogenously expressed YFP (Fig. 4 A and B) . Based on our previous results, we defined five time points from the washout after 5 min of treatment with DHPG. At 10 min in WT spines, the level of CaMKIIα peaks and is significantly higher than at the pre-DHPG resting state. In KO spines, on the other hand, there is a delayed, nonsignificant increase above baseline at 20 min after DHPG treatment (Fig. 4C) . Dendrites showed the same temporal pattern of protein translation as spines, although the changes were smaller, and nonsignificant in WT (Fig. 4D) . Next, we compared the levels of enrichment of CaMKIIα at individual spines with the adjacent dendrite after DHPG stimulation in WT and fmr1 KO neurons (Fig. 4E) . The ratios were also standardized to the level before DHPG. In WT neurons, the spineto-dendrite ratio of CaMKIIα was significantly enriched at 20 min after DHPG removal compared with prestimulation. Compared with KO, WT neurons showed higher spine-to-dendrite enrichment of CaMKIIα at 0, 20, and 40 min following stimulation. Finally, we asked whether the elevated level of CaMKIIα is caused by de novo protein synthesis after group I mGluR stimulation. After neurons were treated with cycloheximide, the increase in CaMKIIα levels seen at 10 min in WT spines (Fig. 4F) , as well as the spine-to-dendrite enrichment ratio at 20 min, were no longer apparent (Fig. 4H) . These findings suggest that, in the presence of FMRP, CaMKIIα is translated and enriched at individual spines shortly after the cessation of stimulation.
Local Targeting of CaMKIIα mRNA to WT Spines. To test targeting of CaMKIIα mRNA at dendrites or spines after group I mGluR stimulation, we examined endogenous CaMKIIα mRNA localization in YFP-labeled WT and fmr1 KO neurons by FISH (Fig. 5  A and B) . The total number and average intensity of RNA particles (larger than 0.3 μm), as well as the ratio of CaMKIIα mRNA localized in spines to total CaMKIIα mRNA, were calculated for each 50-μm segment of dendrite. The total number of CaMKIIα mRNA particles inside 50 μm of dendrite did not change over time after stimulation in either WT or fmr1 KO dendrites (Fig.  5C ). The intensity of total CaMKIIα mRNA was rapidly and significantly elevated in WT immediately after DHPG washout (0 min), compared with fmr1 KO neurons (Fig. 5D ). This suggests that the elevated CaMKIIα mRNA intensity could be due to loading of mRNAs previously under FISH detection level, which could be regulated by FMRP-dependent dendritic transport in response to group I mGluR stimulation. Interestingly, the fraction of CaMKIIα mRNA at WT spines compared with total dendritic puncta was significantly higher at 0 min compared with baseline (Fig. 5E) . As a control for mRNA binding specificity of FMRP, we further showed that the level of polyA mRNA does not change over time after stimulation (Fig. S4) . These data suggest that in response to group I mGluR stimulation, mRNA granules/mRNPs can be loaded and delivered to excitatory synapses for a period following stimulation, and that this mechanism requires FMRP. 
Discussion
We have presented evidence that FMRP can target mRNAs toward specialized locations for de novo protein synthesis. First, using time-lapse imaging, we showed that Fmr1 and CaMKIIα RNA particles decelerated their motion during 0-40 min after group I mGluR stimulation and returned to their basal level of movement during a later stage. Second, we showed that translation of FMRP occurs locally adjacent to mGluR5-rich regions. Last, our experiments using YFP-labeled spines revealed that CaMKIIα mRNAs and protein synthesis of CaMKIIα are enriched at spines compared with neighboring dendritic regions only in the presence of FMRP. These data strongly corroborate our hypothesis whereby FMRP enhances RNA targeting to specialized regions for local translation in response to neuronal stimulation. Using time-lapse imaging, we observed that during the period 0-40 min after neurotransmitter treatment, mRNA granules exhibited slower motion than before stimulation. We speculate that this stage might represent the docking of mRNA granules. First, it has been shown that the "hotspots" of dendritic translation are spatially stable after stimulation and colocalized with ribosomes (21, 22) . Second, the selective association of FMRP between microtubules or polyribosomes may provide translation initiation control (30) . Third, it has been demonstrated that FMRP-mRNP complexes relocate into dendritic spines after stimulation (31) . Last, Myosin Va associates with another RNA binding protein, TLS, to localize mRNA into dendritic spines (32) (33) (34) . We have now shown quantitative data comparing the temporal and spatial distribution of CaMKIIα mRNA and CaMKIIα protein in WT and fmr1 KO neurons upon group I mGluR stimulation. Our data suggest that although dendritic translation events are spatially static, spines could be the targets for FMRPdependent mRNA docking and protein synthesis in response to neuronal stimulation.
FMRP can also facilitate directional movement of Fmr1 mRNA granules/mRNPs (Fig. 2C ) at 40-60 min after group I mGluR stimulation. This agrees with a previous finding that in dfmr mutant neurons, CG9293 mRNA exhibits less directional movement (35) . CaMKIIα has been shown to have other associated mRNPs, possibly modifying directionality (36) . The heightened unidirectional movement at 40-60 min in the presence of FMRP may be association with motor proteins. Translationprimed mRNAs may be transported to active synaptic regions and be available there for the next translation event to induce plasticity, including morphological and physiological changes in dendritic spines that may strengthen or weaken the synapse as necessary (37) .
In an earlier study, Dictenberg et al. (19) compared movement of labeled CaMKIIα granules in WT and fmr1 KO dendrites. Under conditions of chronic (15-min) DHPG treatment, they found faster movement of granules in WT than KO. We also observed faster movement in WT dendrites under basal conditions. We then compared this basal movement to movement after acute (5-min) DHPG stimulation to imitate more closely a natural stimulation event. In this case, both CaMKIIα-and Fmr1-bearing granules exhibited an initial decrease in movement, recovering to basal level 40 min poststimulation. In addition, we observed that the large motile particles become brighter after Fig. S2 and Fig. 5D ); we attribute this to aggregation with smaller subthreshold particles. This would be in agreement with studies of mRNA transport dynamics, based on fluorescence recovery after photobleaching (15) , that showed rapid recovery of average fluorescence intensity in a photobleached dendritic segment after stimulation.
stimulation (
FMRP-mediated translation-dependent synaptic plasticity may be regulated at several levels. First, dendritic transport and synaptic docking of mRNA could regulate translation initiation by mediating the availability of specific mRNAs for local protein synthesis (15, 19) . We have shown that FMRP can facilitate the localization of CaMKIIα mRNA (one of several mRNAs associated with FMRP) at dendritic spines for subsequent translation, lending support to the role of FMRP in regulatory synaptic delivery of specific mRNA. Second, the phosphorylation state of FMRP can govern translation state during the elongation process (38) . Third, the restriction of protein distribution by proteasome degradation could be important for synaptic function as well (10) . Last, the involvement of microRNAs associated with FMRP in synaptic protein expression is also emerging (39, 40) . FMRP is critically involved in several levels of regulation of protein synthesis for synaptic plasticity, and the current work suggests a dynamic role of FMRP in transport, spine localization, and rapid translational control.
Materials and Methods
Primary Hippocampal Neuron Culture and Transfection. Primary neurons were prepared from hippocampi of WT or fmr1 KO C57BL/6 mice at postnatal day 1-2 and maintained in Neurobasal medium supplemented with B27 and glutamine (Invitrogen). Neurons were transfected using Lipofectamine LTX (Invitrogen). All studies were performed in compliance with the Institutional Animal Care and Use Committee of the University of Illinois at UrbanaChampaign.
Time-Lapse Imaging. Primary WT or fmr1 KO hippocampal neurons were transfected and imaged within 24 h posttransfection. Neurons were maintained in Liebovitz's L-15 supplemented with B27 at 37°C in a 5% CO 2 live-cell incubation chamber and imaged using the 40× objective (NA 1.4) on a Zeiss Axiovert 200M microscope, before and after exposure to 50 μM (S)-3,5-dihydroxyphenylglycine (DHPG; Tocris), a group I mGluR agonist, for 5 min. Images were taken every 5 s for 25 frames.
Immunocytochemistry. Primary hippocampal cells on coverslips were fixed using 4% paraformaldehyde in PBS and permeabilized with methanol. Neurons were incubated in primary antibody (diluted in 1% normal donkey serum) at 4°C overnight. This was followed by incubation with species-appropriate secondary antibodies. For surface receptor staining, neurons were incubated with rabbit anti-FLAG (Sigma) at room temperature for 5 min to allow labeling of N-terminal FLAG-tagged receptor. In cycloheximide-treatment groups, 60 μM cycloheximide was included in medium 30 min before and during experiment periods. After stimulation, neurons were permeabilized and examined by regular immunocytochemistry procedures. (For further details, see SI Materials and Methods.)
Fluorescence In Situ Hybridization. Digoxigenin (DIG)-labeled riboprobes were generated from plasmids with T3 or T7 RNA polymerase sites. Primary neurons were fixed with 4% paraformaldehyde, permeabilized with methanol, and prehybridized with hybridization buffer. Then neurons were incubated with probes in hybridization buffer overnight at 55°C for CaMKIIα probes or at 42°C for Fmr1 probes or 2 h at 37°C for poly-dT oligos. After hybridization, cells were washed in 0.5× SSC with 50% formamide, 0.5× formamide, and PBS. Cells were incubated with an HRP-linked DIG antibody (Roche) and the signal was amplified by a Cy3 TSA-Plus system (PerkinElmer). The ratio of the number of CaMKIIα mRNA localized in spines versus total number of CaMKIIα in each 50-μm dendrite segment was calculated, showing a peak ratio immediately after DHPG stimulation in WT but not KO. Data were analyzed from at least 20 dendrites in each group from three independent experiments. In C and D, data were analyzed by two-way ANOVA with Tukey's HSD posttest. In E, the value of the ratio was transformed to meet the normality requirement and then analyzed by two-way ANOVA with Tukey's HSD. Error bars denote SEM.
CaMKIIα Protein and mRNA Localization in YFP Spines. WT or fmr1 KO neurons containing Thy1-YFP (yellow fluorescent protein) derived from B6.Cg-Tg(Thy1-YFPH)2Jrs/J mice (Jax Mice) were cultured to days in vitro (DIV)18-21, stimulated with 50 μM DHPG for 5 min, and left for the indicated period after DHPG was removed. After fixation, neurons were subjected to immunostaining or in situ hybridization as described above. Images were taken by a Zeiss LSM710 with a 63× (NA 1.4) objective as Z stacks with a 0.3-μm interval. All images in a single time-series group were taken under the same acquisition parameters for relative comparisons. Because imaging of six time points within each sample group required 7∼8 h, it was not practicable to image and compare WT and KO samples.
Imaging Analysis. For time-lapse imaging, granules consistently motile during at least two time series were analyzed. Time-lapse imaging series were analyzed by ImarisTrack software (Bitplane). The track displacement is the distance between the first and last position. The track length is the total length of displacements within the track. Total trafficking length of motile particles was divided by time as average speed. The directionality, calculated by track displacement divided by track length, is the measurement of unidirectional movement. Colocalization between surface receptors and FMRP of primary dendrites, selected 20 μm away from soma, in deconvolved 3D rendering images was quantified by Manders's coefficient of FMRP staining (41) , which is detailed in SI Materials and Methods. Three-dimensional reconstruction and surface rendering were applied to YFP neuron images by using the Surface function of
Imaris. Spine and dendrite regions of interest were defined by YFP signals without visualizing other immunofluorescence channels. Intensity of CaMKIIα protein or mRNA was calculated as absolute intensity (pixel) per volume unit (voxel) and standardized by the value before DHPG in each group.
Statistical Analysis. For mean comparisons, paired t test or one-or two-way ANOVA were performed. Tukey's honestly significant difference (HSD) or Dunnett's was carried out as post hoc analysis as mentioned in the figure legends. In all figures, data were presented as mean ± SEM, and *P < 0.05, **P < 0.01, ***P < 0.001.
